A third of Sweden's two million single-family houses were built in the period 1961-1980, and many of them are in need of renovation. These houses have a high energy use and are in technical terms fairly homogenous. This investigation evaluates the theoretical energy savings potential of renovating houses from this period. Four reference houses were selected and simulated using common renovation measures. The results indicate that most of the existing single-family housing stock will likely not be able to attain the passive house standard after renovation and using today's technology. This is explained by the fact that some house characteristics impose a limiting factor on the energy renovation. Such examples are the shape, foundation and composition of the building envelope. Nevertheless, it is still possible to drastically reduce the final energy use by approximately 65-75 %.
Introduction
Single-family houses built in the period 1961-1980 account for one-third of the energy use in Swedish singlefamily houses, which in turn use about 40 % of all energy in buildings [1] . These houses were built fairly homogeneous in technical terms, with low levels of thermal insulation and heat recovery ventilation (HRV) is rare [2] . Thus there are great potential to improve energy efficiency and indoor environment. A literature review showed few completed deep renovations of single-family houses to passive house level and overall there is little written regarding the subject. Although the initial inventory showed that it is technically possible to renovate to the level of passive house the profitability is questionable. Many of the houses built during this period need to be renovated due to ageing [3] . This provides an opportunity to also incorporate energy efficiency measures.
The overall aim of the research project is to increase the knowledge regarding cost effective deep renovations to passive house level. This will be done through detailed energy simulations, life-cycle cost analysis (LCCA) and lifecycle assessment (LCA) with solutions that preserve the architectural expression of the houses. This investigation is the starting point, focused on estimating the energy savings potential of four reference single-family houses. The simulations were based on the Swedish passive house standard, FEBY 12, (Forum for energy-efficient buildings) [4] , as well as a comparison with the current Swedish building regulation, BBR 22 [5] .
Background -Single-family houses built during the 60s and 70s
During the 1960s there was a substantial demand for new housing in Sweden. To overcome this, the "millionprogram" was initiated with the goal to construct one million dwellings during [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] , including both multi-and single-family houses. To construct this many dwellings in the short timeframe the buildings were built in a standardized way, which makes them suitable candidates for standardized renovations. This project focus on the single-family houses built in the period [1961] [1962] [1963] [1964] [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] . From this period there are almost 714.000 single-family houses and they account for much of the energy use in single-family houses, see Table 1 . The 1973 international oil crisis increased the costs for space heating, since many houses were heated by oil. The increased energy cost lead to a new focus on reducing the energy use of buildings. As a result the requirements on energy efficiency increased with the building code in 1975, SBN 75 [6] , and the result can be seen in the average annual energy demand in Table 1 . Table 1 . Number of houses and annual energy demand per heated floor area for space heating and domestic hot water [7, 8] . 
Years

Constructions used in the 60s and 70s
To compile the commonly used constructions from each of the decades a literature review was performed. It also included finding common shapes and compositions of the building envelope of houses, i.e. form and amount of windows of the building envelope. There was some variation and influences originated both from abroad and from Swedish building regulation. While some constructions were quite standardized, e.g. during 1961-1985 the most common foundation was concrete slab with or without a cellar, which account for over 75 % of all m 2 of foundation in houses from this period [2] . For the concrete slabs the insulation thickness and placement varied between 70-100 mm both above and/or below the slab. For houses with crawl spaces, the joists were filled with insulation [9] .
1961-1970 -To accommodate the increased production rate, many houses were built in groups with prefabricated construction. This meant less time at the building site and with the expectation of less building problems. In the beginning of the decade most houses were built as one story houses, alternatively adding a cellar with a recreation room, which in the later parts changed to one-and-a-half or two story houses. Large window sections became common, which increased the window-to-wall ratio, and two types of roof constructions were used, either ridged roof or pent roof. The house shape was either rectangular or L-shaped with function displaced rooms; the rooms were placed based on their use and likely connection, i.e. garage, storage, laundry room and kitchen on one side of the house and living room and bedrooms on the other. The used façade material was either wood panel or bricks or a combination of both [9, 10] . Inside the façade material an asphalt board was placed outside the 100 mm thick stud framework with intermediate mineral wool insulation. On the inside of the wall a diffusion-proof plastic foil was placed to increase the air tightness and lastly a gypsum wallboard. As an alternative construction, light-weight concrete was used with a thickness of about 200-250 mm. The roof was made out of roof trusses with intermediate mineral wool insulation of about 125 mm. For ventilation a passive stack system was used [10] .
1971-1980 -
The production of houses continued to rise during this decade in part because of subsidies from the state. The typical composition of a house from the 70s is a one-and-a-half story house with a 45° ridged roof, sharply projecting eaves, with a balcony under the eaves on the gable side of the house. For the façade a common combination was bricks on the ground floor and wood panel on the upper floor. In the areas built in groups, wooden panels were the dominant façade material towards the end of the decade. The commonly used construction system was still stud framework with intermediate thermal insulation, but the thickness of the insulation layer increased to 170-190 mm. A plastic vapor barrier was placed on the inside of the wall to further increase the air tightness. The roof was still made of roof trusses with intermediate insulation but the insulation thickness increased to about 245 mm of mineral wool [9] . During this period, the ventilation system was changed from passive stack in the beginning to mechanical ventilation with or without heat recovery ventilation as the focus on energy efficiency increased [10] .
Regulation for renovation -Swedish building regulation, BBR, and passive house standard
The current Swedish building regulation, BBR 22, states that if a planned renovation is extensive the building should fulfill the level of a newly constructed building after renovation, which includes a requirement on the specific energy use. Included in the specific energy use is the energy needed for space heating, domestic hot water (DHW), and property electricity, i.e. electricity used in pumps and fans needed for the functioning of the house. This energy use is then divided by the heated floor area, Atemp. This includes the area inside the external wall that is heated to 10 °C or more, garage is always excluded. The requirements are divided into four levels, depending on climate zone, and two categories, with and without electric heating, see Table 2 . The Swedish passive house standard includes two main requirements, specific energy use and power demand. These are divided into three climate zones, where climate zone 3 is the same as 3 and 4 in the Swedish building regulation. Also included are the passive house requirements for air tightness and U-values for windows and glazing according to FEBY 12. In the case in which a renovated building is not able to fulfill the requirements on specific energy use (depending on the circumstances) or only a part of the building envelope is renovated. Then there are separate recommendations for the thermal transmittance, U-value, for each part of the building envelope. In Table 3 the U-value for passive house components and building regulation requirements on the different parts of the building envelope are shown. The Swedish building regulations also regulate the ventilation air flows allowed in residential buildings. The minimum average outdoor air flow rate per floor area when someone is present in a room is 0.35 l/(s•m²) and 0.10 l/(s•m²) when empty. There should also be a forced air flow-function to be able to evacuate excessive moisture and other indoor air pollutants when needed.
Realized renovations to passive houses standard
In Sweden four completed pilot renovations of single-family houses to passive houses level were found during the literature review. These four houses are Villa Kyoto, Villa Kanndalen, RenZERO-concept and Finnängen, see Table  4 for detailed information. For all of these a need to renovate was identified and the owner wanted to do more than just a normal renovation. All had the goal to lower the energy use by a large margin while improving the indoor climate by following the Swedish passive house standard, FEBY 12. Three of the houses included some kind of renewable energy solution when renovating. The costs for completing these projects were high and with payback periods of between 30-44 years, the cost effectiveness might be questionable. However, for the houses where the increased value is known, this was enough to compensate for the investment cost, being in an attractive location [11] . Table 4 . Completed renovation projects to passive house level in Sweden [11] [12] [13] [14] . 
Projects
Methodology
An overview of the method is shown in Fig. 1 , starting with literature reviews, from which the gathered information was compiled as input data for the simulation models and to determine the relevant simulations. A literature review of different regulations and certification systems used in Sweden was performed to find criteria for specific energy use, air tightness and other parameter that impact the energy use. The literature reviews also included how typical houses were built 1961-1980, their constructions, shapes and composition of the building envelope. This information was then used to compile criteria, which the comparison and selection reference houses were based on. Another literature review compiled energy renovations to passive house standard in northern Europe. This was done to find out how common this type of renovation is, their used renovation measures, costs and achievable energy savings. This information was then used as input to the energy simulations.
• How the houses were built. The energy use and savings potential was simulated using a validated dynamic energy simulation tool, IDA Indoor Climate and Energy 4.7 [15] . The reference houses were simulated as the houses were built to find a base case, grounded on their original constructions. Incremental changes of the base cases were done until the result equaled a passive house renovation e.g. improved U-values, air tightness, installations etc. based on available renovation measures. This was done to show the variation in results from the measures depending on the house's shape and composition of building envelope as well as how the steps affect each other. The best-case scenario for the energy savings potential were simulated using the models of the reference houses with constructions and installations as in a newly constructed passive house. The building regulation level of renovation was also simulated as a comparison to show the increased potential from a passive house renovation and what the minimum level of renovation would be. To simulate the energy demand of the reference houses, the thermal transmittance, or U-value, for each part of the building envelope were calculated. For foundations the calculations were done according to the standard; ISO 13370:2007 [16] and for other parts of the building envelope the standard; ISO 6946:2007 [17] was used. In Sweden the area for which these U-values are used for are the inner surfaces of a building envelope. This means all external connections, such as wall to wall, wall to foundation etc., are not included in the area. These connections are instead included in the thermal bridges. The thermal bridges were assumed as an increase of the total heat losses by 25 % in these simulations, based on the Swedish certification system Miljöbyggnad [18] . To determine the reduction of the thermal transmittance through the foundation from the implemented renovation measure, the foundations were simulated using the two-dimensional transient and steady-state heat transfer program HEAT2 [19] . The results were then used in the total building energy simulation performed in IDA ICE.
Reference houses
Choice of reference houses
The objective was to find houses that cover as many of the constructions and architectural designs that were used in the 1960s and 1970s. First, it was decided that four houses were enough to balance the amount of simulations needed and at the same time get variation between the houses. Next, the locations were chosen with the aim to spread them across Sweden to try to represent the whole country. This was based on city size, location and the amount of single-family houses that were built there in this time period. The chosen locations are Malmö, Göteborg, Stockholm and Umeå, since in these cities over 200.000 (roughly 30 %) single-family houses were built during this time period. With the increased focus on energy efficiency in the building regulation from 1975 the goal was to find houses built both before and after this regulation took effect. Based on the literature review a compilation of criteria was done, see Table 5 . For each location four houses of different types were picked to be compared. Their drawings and descriptions were collected from the city-planning office. Out of these 16 houses, four was chosen, see Table 5 .
Description of reference houses
The four chosen reference houses are presented in Table 6 with basic information and an illustration of the building model from IDA ICE 4.7. The building models are based on available drawings and descriptions and the models were made with one zone for each room in the houses. 
Ventilation:
Balanced ventilation with heat recovery Description: Rectangular one-and-a-half story house with a ridged roof, wood frame structure walls insulated with mineral wool and a concrete slab foundation.
Building envelope of reference houses -before renovation
Based on the available drawings and descriptions of the reference houses, the material types and thicknesses of the building envelope were determined, see Table 7 . All four of the reference houses have a concrete slab foundation but the house in Malmö also has a cellar. The insulation type and thickness of the foundation is known for the houses in Malmö and Göteborg, but not for the houses in Stockholm and Umeå. When not known, the insulation thickness was estimated based on the building regulation current at the time of construction [20] [21] [6] . 
The ratio between the building envelope area and the heated floor area
In Table 9 the ratio between the area of different parts of the building envelope and the heated floor area of the reference houses are presented. The presented ratios are between the total building envelope area and the heated floor area and window area to floor and to façade area. Higher ratios indicate a higher need for space heating, since the building envelope is larger or have a higher thermal transmittance. By analyzing the ratio of a house some initial assumptions can be made, e.g. by comparing the ratio for the reference houses. By comparing the ratios, it is likely that the houses in Göteborg and Stockholm will need more effective renovation measures to reach the same level of final energy use as the houses in Malmö and Umeå. 
Input data for simulation
To simulate the final energy use all input data must be determined. For energy simulations, work has been performed to standardize the input data in Sweden. This is compiled in SVEBY, Standardize and verify energy performance for buildings [22] , and it gives default values for internal heating loads and other input such as indoor temperature, forced ventilation air flows in kitchen, solar shading, domestic hot water use, household electricity use, number of inhabitants in the houses and their presence [22] . Based on SVEBY the simulated annual DHW energy use per heated floor area was 20 kWh/(m²•a) and the simulated house hold electricity was 30 kWh/(m²•a). From FEBY 12 input regarding the airing and regulating losses for the heating system was gathered.
For the reference houses with passive stack ventilation the actual ventilation air flow is unknown and some assumptions regarding the air flows were needed. As part of the BETSI evaluation of the Swedish building stock the air flow in naturally ventilated single-family houses was measured, using the standard ISO 16000-8 [23] , to a mean flow per heated floor area equal to about 0.23 l/(s•m²) with a normal ceiling height of 2.4 m. This includes the air flow both from infiltration and from the ventilation air gaps used for the passive stack ventilation [10] . This means that the houses with passive stack ventilation most likely do not fulfill the current building regulation requirements regarding minimum ventilation air flow. Thus, the energy demand will also be lower than if the regulation was fulfilled. The reference house in Umeå was built with a mechanical heat recovery ventilation system with a plate heat exchanger. The exact specifications are not known, so the dry heat recovery efficiency according to SS-EN 308:1997 [24] was assumed to be 50 % and the specific fan power, SFP, was assumed to be 2.0 kW/(m 3 /s).
Step-by-step simulations
To determine the impact on the energy demand of different renovation measures, a step-by-step simulation was performed. This was used to find the energy savings potential for this type of deep renovation project and indicate if it is possible to achieve the Swedish passive house level. This evaluation does not include the effects of the energy sources or heating systems, which will be evaluated in future work. The renovation measures are based on commonly used renovation measures in completed passive house renovations from the literature review. The order of the steps has been chosen based on how common the measures were, relative cost based on the completed renovations, how they affect each other and depending on which energy item they effect. The different measures are divided into nine steps, where step 5 and 6 also are divided into parts. The measures for each step are described below, mainly in specific values, e.g. U-values or ventilation air flows. All steps include the measures from the step before, i.e.
Step 2: Windows/doors, also includes the measures from Step 1: Roof. The measures that improve the building envelope also impact the air tightness, but by how much are hard to determine. So the improvements to air tightness were saved for
Step 5 -Air tightness. This means the energy savings from Step 1-4 is underestimated. In this evaluation it does not matter, since all steps need to be performed to reach the level of quality and energy demand that is the goal of the project. The used values are chosen based on real constructions and solutions that are achievable today when renovating and found in completed passive house renovations. The exact solution to reach those specific values are not included in this paper, but will be evaluated in future work.
Step 1: Roof -Increasing the total insulation thickness equal to a U-value of 0.08 W/(m 2 •K).
Step 2: Windows & door -New windows and doors, with a U-value of 0.80 W/(m 2 •K).
Step 3: Foundation -Due to the original foundations for the reference houses all being concrete slabs, the added insulation was placed outside the slab, as illustrated in Fig. 2 .
Step 4: External walls -Increasing the total insulation thickness equal to a U-value of 0.10 W/(m 2 •K). Step 5, part I and II: Air tightness -Passive stack ventilation and building regulation air flows -The air tightness of the building envelope was improved to 0.3 l/(s•m 2 ). Simulating the improved air tightness was divided into two parts for the houses with passive stack ventilation; part I keeping the existing ventilation and part II with mechanical exhaust ventilation without heat recovery. Part I will reduce the total ventilation air flow of the passive stack ventilated houses, to a level a lot lower than before and even further from the regulation level, which is a common problem in old houses with this ventilation system. This will also lower the simulated energy demand much lower than what would be a realistic level, since the houses will not fulfill the building regulation, indicated by the simulation of part II. The part II was not needed for the house in Umeå, which already has HRV.
Part I: The houses are simulated with an air tightness of 0.3 l/(s•m 2 ) and their existing ventilation system, either passive stack or mechanical.
Part II: A mechanical exhaust air ventilation without heat recovery was added to fulfill the building regulation ventilation air flow per floor area of 0.35 l/(s•m 2 ). The SFP was assumed to be 0.6 kW/(m 3 /s), which is the highest allowed for this type of ventilation in BBR 22 [5] .
Step 6, part I and II: Heat recovery ventilation -A balanced ventilation system with heat recovery was installed for all reference houses. The dry temperature efficiency was assumed to be 80 % and the SFP was assumed to be 1.5 kW/(m 3 /s). Supply air temperature after the heat recovery was heated to a temperature of 19 °C so the air temperature is below room temperature to ensure good air circulation. The HRV measure was divided into part I with constant air volume (CAV) and part II with demand controlled ventilation (DCV). Step 7: Electronic controlled thermostats -For the base case it was assumed that standard indoor temperature mechanical controlled thermostats were used. After renovation the indoor temperature electronic controlled thermostats was used, with the aim of decreasing the regulation losses from 11 % to 7 % according to FEBY 12 [4] .
Step 8: Circulation pump -The circulation pumps in the base case were assumed to be the original pump from when the houses were built. The pumps was exchanged to new circulation pumps that are more efficient and that also has a pump stop, which will turn the pump off if there is no space heat demand [25] . The period that the pump is turned off will also increase because of the fact that the other renovation measures lower the space heat demand of the houses. The hours are estimated based on the heating season from the energy simulations.
Step 9: Indoor temperature variation -Indoor temperature variation was used, reducing the indoor temperature from the standard 21 °C to 18 °C when no one is home and when the inhabitants are asleep. This was assumed to be between 08:00 and 16:00 on weekdays and, at night, 23:00-06:00 on weekdays and 00:00-08:00 at weekends. This was done with a central controlled thermostat.
Comparison calculations
For comparison, two alternatives were simulated for the reference houses; the first was the minimum level of renovation with measures based on fulfilling the building regulations for new construction. Secondly the best-case scenario where the houses were simulated as if newly constructed passive houses, see Table 3 for U-values.
The "building regulation level renovation" comparison was simulated with the U-values fulfilling the regulation and with the building envelope air tightness improved to 0.3 l/(s•m 2 ). The circulation pump was exchanged and a mechanical exhaust ventilation system without heat exchange was installed with a ventilation air flow of 0.35 l/(s•m 2 ) per floor area. The SFP was assumed to be 0.6 kW/(m 3 /s). The foundation was not improved due to the problem with fulfilling the specific U-value requirement; all other input remained as in the base case.
The "if newly constructed passive house" comparison had the same input as step 9 in the step-by-step renovations, but instead of the measures for improving the foundation in step 3 a foundation equal to a new passive house foundation was used, with an U-value of 0.90 W/(m 2 •K).
Results
The simulated results are presented in Table 10 as final energy use, which includes space heating, DHW and property electricity. These results are presented to show the potential for different renovation measures and their respective energy savings potential. The results are presented per reference house, starting with the base case and then adding the steps 1-9 and ending with the total reduction from all measures. Lastly, the simulated comparisons "building regulation level renovation" and "if newly constructed passive house" as well as the passive house requirements from FEBY 12 are presented. The results are divided into annual final energy use per heated floor area and the reduction in percentage per step compared to the base case.
assuming the houses as "if newly constructed passive house", the shape and composition of the building envelope have such a large impact that one reference house, Stockholm, with a small margin does not fulfill the passive house requirements and another reference house, Göteborg, is just at the level. While it might be possible to improve all steps even further to try and reach the passive house level this will likely not be a cost effective solution since none of the realized passive house renovations have tried to do so. These results points out an important limitation when renovating single-family houses to passive house level, not all parts can be improved to passive house level. Instead it is likely that the next step should be some kind of renewable energy solution, since the space heating demand was lowered by 75-80% in these simulations while the domestic hot water use was assumed not to change. This means that out of the total annual final energy use of 49-66 kWh/m 2 after a complete renovation, 20 kWh/m 2 are from domestic hot water. Thus a renewable energy solution that decreases the need for bought energy for heating the domestic hot water could have a large impact on the end results.
Compared to the statistical specific energy use for existing houses presented in Table 1 the simulated final energy use for the base cases presented in the results in Table 10 were higher. One reason for this discrepancy is that the statistical energy use is an average for all houses from the respective time period and in their current state in 2013, including any renovations and improvements performed since their construction. Determining how houses were built during this period showed many possible variations which also could indicate a great variation in the energy use. The four reference houses fulfilled the building code requirements during the period of construction and it is known that many houses today are not extensively energy renovated, so this is likely not the reason for the difference. But a common measure in Swedish single-family houses is the installation of some type of heat pump, which reduces the bought energy compared to the final energy. This is likely the main reason for the difference, since the simulated final energy use does not take into account the energy source, i.e. if a heat pump is installed. Thus the exact level of specific energy use the houses could reach by implementing these renovation measures depends on the houses' specific conditions. Regardless of how accurately the four reference houses represent the total housing stock, based on these results, it is likely most houses could be renovated to reduce the final energy use by at least 60 % if the evaluated measures in this study were implemented, unless other limitations are valid such as cultural heritage protection.
Compared with the simulated "building regulation level renovation" for new construction the step-by-step renovation reduces the final energy use by more than twice as much, a 20-30 % reduction compared to 65-75 %. The step-by-step renovation for all reference houses fulfills the building regulation requirement regarding specific energy use for newly constructed houses, which is a requirement when performing extensive renovations. Renovating according to the building regulation using only the fixed U-values does not fulfil the building regulation requirements for specific energy use.
Regarding the step-by-step renovations, there are some steps that show some interesting results. In Step 5, part II the impact of the ventilation air flow on the final energy use of a house is shown, increasing the energy use by almost 100 % relative to part I. This highlights one of the problems with performing deep renovations on houses that originally had passive stack ventilation. When the air quality is ensured by mechanical ventilation according to the regulatory air flow, it could also increase the energy use and decrease the cost effectiveness of the renovation measures, depending on the original air flow. This also indicates the problem that naturally ventilated houses usually have too low ventilation air flow compared to today's building regulation, especially in the period from March to October, but this can also be true in winter. Up until step 9 all steps have been an improvement of the indoor climate by reducing draught and temperature differences, which can improve the operative temperature, in a room while also lowering the energy use. The measures in step 9 won't worsen the indoor climate if done right, but there is always some risk that the lowered indoor temperature is sensed as too cold by the inhabitant.
Future work
As a continuation of this work a sensitivity analysis will be performed to determine uncertainties arising from the renovation measures used in this study and which parameter that impact the results the most. This will be done by varying the input data used for different parameter in the simulations, e.g. how varying the internal gains or air tightness impacts the energy demand of the houses. The next step will be to compile variations of the simulated renovation measures and estimate the associated costs of implementing them. These alternatives will be evaluated in future work by LCCA and LCA, and will also include renewable energy solutions and thermal comfort simulations, to try and find cost-effective combinations of renovation measures to reach the Swedish passive house standard.
